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Characterization of Instrument Effects using NO2 Photolysis
Experiments measuring the instrument response function (IRF) used a certified mix of NO2 in He (Matheson Tri-Gas, 1.00% NO2 with 0.5% O2 as a stabilizing agent in He). We conducted NO2 photolysis experiments at 8 Torr and 10.0 eV photon energy. The NO + and NO2 + signals are shown in Figure S1 . Following photolysis at t = 0, we observed a small depletion in the NO2 + and a fast rise in the NO + signal. The measured depletion of NO2 (from both photolytic and kinetic reactions) was 4.6 ± 0.5% determined by fitting the data over the time range from −20 to 20 ms. At later times, a further slight increase in the NO + signal and a corresponding decrease in NO2 + persisted, which we attributed to the gradient in excimer photolysis energy mentioned earlier. The modeled kinetics (with no modifications) for NO and NO2 are shown in Figure S1 (a) and (b) as green dashed lines.
Instrument Response Function
The IRF arises from the velocity distribution of the sampled molecule beam and the finite transit time. Taatjes 
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where A and t0 are fitted constants. Our experiments were carried out at 8 Torr total pressure in He bath gas. The mean free path of the gas molecules in the flow tube was 10-40 µm, while the diameter of the sampling pinhole was 650 µm. The flow through the nozzle was intermediate between molecular and viscous, and we used equation (SE1) empirically.
We determined the IRF from the observed rise of the initial NO formation, shown in Figure S1 .
The kinetics model predicts that NO rises in the first 0.1 ms to 50% of its final value, whereas the actual 50% rise time is 1 ms. Using MATLAB, we fit the NO + rise to the kinetics model curve convolved with the IRF 3-4 described in Equation (SE1) and determined the values for A and t0 to be −1.2 ms 2 and −0.49 ms, respectively. The instrument response is slower than in previous studies, [3] [4] and varied run-to-run (see below for an example of the data from an independent run from the data shown in the main text).
Alternatively to fitting the rise in the NO signal, we could obtain the IRF by fitting the depletion in the NO2 + signal ( Figure S1(b) ), but the inferior signal-to-noise makes the latter option a poor choice.
Photolysis Gradient
After the initial rise in NO that occurs promptly after photolysis (1 ms 50% rise time, including IRF), the NO is expected to remain constant. Instead, we observe an additional increase in the NO signal of approximately 12% from 10 to 60 ms, as seen in Figure S1 (c). Over the same time interval, a linear fit to the NO2 data ( Figure S1 (d)) shows a slow depletion of ~0.4% on top of the initial 4.60% depletion due to photolysis. This long-time depletion corresponds to a comparable increase in NO.
We estimated the photolysis gradient from a linear regression of the NO + data from 15 to 60 ms.
The initial yield of NO was determined using the window from 3-15 ms wherein the NO data are not impacted by the IRF. The slope obtained from the NO rise was 0.23% ms The negative slope derived from the NO2 kinetics is in good agreement with the NO linear fit.
Deconvolution of Isobaric Signals
We 
Absolute Photoionization Cross Section of Methanol
The absolute methanol photoionization spectrum was measured relative to the propene spectrum following the procedure outlined in Welz et al., 5 and compared to previous reports. The photoionization spectrum of propene is well-known 6 and has been used previously as a reference compound for determining photoionization cross sections. 5, [7] [8] Experiments were conducted by introducing propene (2 sccm of 1.00% propene in He) and methanol (1 sccm of 4.667% methanol in He) into the flow tube. Propene was Matheson Tri-Gas, 1.00% in Ar. The total flow was 300 sccm at 4 Torr (balance He). The photon energy was scanned from 10.5-11.5 eV in 0.025 eV increments. We averaged 15 mass spectra for each photon energy.
For each photon energy, we measured the integrated intensities of the parent m/z peaks of propene and methanol, summed over 0-60 ms. We then determined the absolute cross sections of methanol ( )
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CH OH E σ from the ratio of the peak areas using:
The absolute photoionization spectrum of methanol is shown in Figure S2 . Both the shape and absolute cross sections of the methanol spectrum agree well with the spectrum recorded by Cool, et al., which was also measured relative to propene. [8] [9] They assigned a 20% systematic uncertainty in methanol cross sections due to the uncertainty in the cross section of propene. 5 The same 20% systematic uncertainty also applies to our results. We measured the methanol spectrum several times; the scatter in the methanol cross section measurements results in typical cross section errors of ~5%, likely caused by uncertainties in the manometric preparation of the methanol tanks as well as uncertainties in delivery of the sample to the reaction tube. The CH3OH cross sections reported in the text (Table 4 ) reflect the average of several measurements, with total error of ~21%.
Also shown in Figure S2 is the spectrum collected at m/z = 32 during the spectrum collection in the Cl2/CH3OH/O2 photolysis experiment (scaled to match the CH3OH spectrum collected above).
The methanol spectrum collected during photolysis experiments matches the reference spectrum very well, indicating that observed kinetics depletions at m/z = 32 are free of contamination. Also notable is the sharp dip in signal at 11.083 eV in the spectrum obtained during kinetics experiments, which is apparently caused by imperfect normalization to the photon flux. As a consequence, we have removed this data point from the spectra reported in the paper.
Experiments 19-22
The and have been included in the final evaluation.
Highest Occupied Molecular Orbitals of HO2 and H2O2
The HOMO and HOMO-1 of HO2 and H2O2 were investigated at the HF/6-311G level using the Gaussian09 10 suite of programs (UHF/6-311G used for HO2). The resulting molecular orbitals are shown in Figure S4 . With this approach the HOMO of HO2 is predicted to be the singly occupied 2a″ orbital and the HOMO-1 being the doubly occupied 7a′ orbital, from which electrons can be removed via photoionization to yield the 1 A′ and 3 A″ cations of HO2, respectively. Both ionization processes are expected to contribute to the photoionization cross section over the range of photoionization energies used in the present study. The HOMO and HOMO-1 of H2O2 are predicted to be the doubly occupied 4b and 5a orbitals; removal of an electron forms the 2 B and 2 A cations of H2O2, respectively. The 2 A cation state is not expected to be accessed until photoionization energies of ~12.6 eV, in slight excess of the range explored in the present work.
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Multiple overlapping vibronic states in the near-threshold photoionization of HO2 and H2O2
and highly non-diagonal Franck-Condon factors for the ionization process make it impossible to quantitatively apply the model of Xu and Pratt for estimating photoionization cross sections of free radicals. 12 However, from Figure S4 it is clear that both the HOMO and HOMO-1 of both HO2
and H2O2 are qualitatively similar. As discussed in the main text, the observation of near-threshold photoionization cross-sections that differ by a factor of ~2 is consistent with anticipated orbital occupancy effects predicted by the model for the case where the measured cross-section is dominated by ionization from the singly occupied HOMO of HO2 or the double occupied HOMO of H2O2. Table S1 shows all minor reactions that were included in the full kinetics model. These reactions, along with the major reactions listed in Table 2 in the text, were used in the Kintecus 13 kinetics modeling program used to fit the data. These reactions played a minor role in the chemistry, but were included mainly to capture any chemistry that could result in radical recycling. + , and (c) H2O2 + at 11.45 eV. These data are from Experiment 19 (see Table 3 in the text). The red line is the modeled kinetics of each corresponding trace, convolved with the IRF and including a photolysis gradient and first order wall losses of HO2 and H2O2 (6.6 and 6.9 s −1 , respectively). Figure S4 . The HOMO and HOMO-1 for HO2 and H2O2 generated using HF/6-311G. 
Full Kinetics Model
